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PATENT 

Attorney Docket No.: 0151 14-05491 1US 
Client Reference No.: A1250 

TECHNIQUES FOR PROVIDING MULTIPLE ON-CHIP 
TERMINATION IMPEDANCE VALUES TO PINS ON AN 
INTEGRATED CIRCUIT 

5 CROSS-REFERENCES TO RELATED APPLICATIONS 

[0001] This patent application is a continuation-in-part of U.S. patent application 
10/044,365, filed January 1 1, 2002, which claims the benefit of U.S. provisional application 
60/315,965, filed August 29, 2001, both of which are incorporated by reference herein. 

BACKGROUND OF THE INVENTION 
10 [0002] The present invention relates to techniques for providing multiple on-chip 

termination impedance values to pins on an integrated circuit, and more particularly, to 
techniques for providing different termination impedance values to different pins on an 
integrated circuit using by shifting digital bit signals. 

[0003] Prior art integrated circuits have off-chip termination resistors. An off-chip 
1 5 termination resistor is coupled to each input/output (I/O) pin of an integrated circuit to 
provide termination impedance. The impedance of each off-chip resistor matches the 
impedance of a transmission line coupled to the pin to reduce signal reflection. 

[0004] Some integrated circuit have hundreds of I/O pins that require impedance matching 
circuitry. In these integrated circuits, a separate impedance matching resistor must be 
20 coupled to each of the I/O pins. Hundreds of impedance matching resistors must be coupled 
to such an integrated circuit to provide adequate impedance matching. Thus, prior art off- 
chip impedance matching resistors substantially increase the amount of board space required. 

[0005] Other prior art integrated circuits have provided on-chip impedance termination 
techniques. However, these on-chip impedance termination techniques provide the same 
25 impedance termination values to one or more I/O pins on the integrated circuit. 

[0006] Different I/O pins on an integrated circuit are typically coupled to different 
transmission lines that have different characteristic impedance values. Providing the same 
impedance termination values at each pin does not produce the right impedance matching 
values that are needed to reduce signal reflection on all of the transmission lines. Therefore, 
30 it would be desirable to have circuitry that can match the characteristic impedance of 
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transmission lines with different characteristic impedance values without requiring numerous 
off-chip resistors. 

BRIEF SUMMARY OF THE INVENTION 
5 [0007] The present invention provides techniques for matching the characteristic 

impedance of different transmission lines coupled to multiple I/O pins on an integrated 
circuit. Circuitry of the present invention can generate different termination impedance 
values for each I/O pin. Each termination impedance value can be selected to match the 
characteristic impedance of the transmission line coupled to a particular I/O pin. The 
10 termination impedance can be set in response to the value of one off-chip resistor. 

[0008] The present invention also includes bit shifter circuits that can change the 
termination resistance provided to the I/O pins. The bit shifter circuits can increase or 
decrease the termination impedance at the I/O pins without changing the value of the off-chip 
resistor. 

15 [0009] Other objects, features, and advantages of the present invention will become 
apparent upon consideration of the following detailed description and the accompanying 
drawings, in which like reference designations represent like features throughout the figures. 

BRIEF DESCRIPTION OF THE DRAWINGS 
20 [0010] Figures 1A-1C are schematic diagrams illustrating various integrated circuits that 
have on-chip impedance matching circuits, in accordance with the present invention; 

[0011] Figure 2 is a diagram illustrating an embodiment of an on-chip impedance matching 
circuit, in accordance with the present invention; 

[0012] Figure 3 is a schematic diagram illustrating an embodiment of an analog- to-digital 
25 converter for use with an on-chip impedance matching circuit, in accordance with the present 
invention; 

[0013] Figure 4 is a schematic diagram illustrating an embodiment of a digital encoder 
circuit for use with an on-chip impedance matching circuit, in accordance with the present 
invention; 
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[0014] Figure 5 is a diagram illustrating bit shifter circuits coupled to the circuitry of 
Figure 2 according to an embodiment of the present invention; 

[0015] Figure 6 illustrates an example of a bit shifter circuit with five multiplexers 
according to an embodiment of the present invention; 

5 [0016] Figure 7 illustrates an example of the multiplexers that can be used with the bit 
shifter circuit of Figure 6 according to an embodiment of the present invention; 

[0017] Figure 8 is a simplified block diagram of a programmable logic device that can be 
used with technology mapping techniques of the present invention; and 

[0018] Figure 9 is a block diagram of an electronic system that can implement 
1 0 embodiments of the present invention. 

DETAILED DESCRIPTION OF THE INVENTION 
[0019] Three embodiments of on-chip impedance matching circuits of the present invention 
are illustrated in FIGS. 1 A-1C. An integrated circuit 10 shown in FIG. 1 A includes buffers 

15 11 and 12, which each have outputs coupled to input/output (I/O) pins 15 and 16, 

respectively. Buffers 1 1 and 12 buffer signals received at and transmitted to pins 15 and 16. 
Each of buffers 1 1 and 12 includes an inverter. The inverters each have a p-channel and an 
n-channel field-effect transistors coupled in series between a power supply and ground. 
Integrated circuit 10 may be, for example, a programmable logic device, an application 

20 specific integrated circuit (ASIC), a memory circuit, or a microprocessor. 

[0020] In prior art circuits, off-chip resistors 13 and 14 are used to provide impedance 
matching at pins 15 and 16, respectively. Resistor 13 is coupled between pin 15 and a supply 
voltage in parallel with a first signal line. Resistor 14 is coupled between pin 16 and ground 
in parallel with a second signal line. 

25 [0021] Using techniques of the present invention, off-chip resistors 13 and 14 can be 
replaced with on-chip impedance matching circuits 21 and 22, respectively. Impedance 
matching circuit 21 is coupled between pin 15 and a power supply inside integrated circuit 20 
as shown in FIG. 1A. Impedance matching circuit 22 is coupled between pin 16 and ground 
inside integrated circuit 20 as shown in FIG. 1 A. Impedance matching circuits 21 and 22 are 

30 coupled in parallel with signal lines that are coupled to pins 15 and 16, respectively. 

Impedance matching circuits 21 and 22 reduce the reflection of signals on signal lines that are 
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coupled to pins 15 and 16, respectively. Further details of on-chip impedance matching 
circuits are discussed below. 

[0022] An integrated circuit 30 shown in FIG. IB includes buffer circuit 31, which is 
coupled to I/O pin 32. Buffer circuit 31 also includes a p-channel and an n-channel field- 
5 effect transistors coupled between a supply voltage and ground. In prior art circuits, off-chip 
resistor 33 is used to provide impedance matching. Resistor 33 is coupled in series between 
pin 32 and a signal line. 

[0023] Using techniques of the present invention, off-chip resistor 33 can be replaced with 
on-chip impedance matching circuits 41 and 42. Impedance matching circuit 41 is coupled 

10 between an on-chip power supply source and buffer circuit 31 in integrated circuit 40. 

Impedance matching circuit 42 is coupled between ground and buffer circuit 3 1 in integrated 
circuit 40. Impedance matching circuit 41 is coupled in series with a signal line coupled to 
pin 33 when the p-channel transistor of buffer 31 is ON. Impedance matching circuit 42 is 
coupled in series with a signal line coupled to pin 33 when the n-channel transistor of buffer 

15 31 is ON. Impedance matching circuits 41 and 42 reduce the reflection of signals on a signal 
line coupled to pin 33. 

[0024] An integrated circuit 50 shown in FIG. 1C includes buffer circuit 51, which is 
coupled to I/O pin 52. Buffer circuit 51 also includes a p-channel and an n-channel field- 
effect transistors coupled between a supply voltage and ground. In prior art circuits, off-chip 
20 resistors 53 and 54 are used to provide impedance matching. Resistor 53 is coupled in series 
between pin 52 and a signal line. Resistor 54 is coupled in parallel between the signal line 
and a supply voltage. 

[0025] Using techniques of the present invention, off-chip resistors 53 and 54 can be 
replaced with on-chip impedance matching circuits 61-63. Impedance matching circuit 63 is 
25 coupled between pin 52 and a supply voltage. On-chip impedance matching circuit 63 

replaces resistor 54. Impedance matching circuit 61 is coupled between a supply voltage and 
buffer 51, and impedance matching circuit 62 is coupled between buffer 51 and ground. On- 
chip impedance matching circuits 61-62 replace resistor 53. 

[0026] FIG. 2 illustrates an embodiment of an on-chip impedance matching circuit of the 
30 present invention. Impedance control circuit 100 includes reference resistor 151, field effect 
transistor (FET) 102, analog-to-digital converter 103, digital encoder circuit 104, and on-chip 
impedance matching circuit 150. Reference resistor 151 is coupled between a supply voltage 
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Vcc and an input to analog-to-digital converter 103. Transistor 102 is coupled between the 
input of analog-to-digital converter 103 and ground. The gate terminal of transistor 102 is 
coupled to voltage source V D . Voltage source V D controls the current through transistor 102 
and the resistance between the drain and the source of transistor 102 (Rds) when transistor 
5 102 is ON. Transistor 102 may operate in the linear region or in the saturation region. 

[0027] Reference resistor 151 can be an off-chip resistor that is coupled to a pin of the 
integrated circuit. Resistor 151 can be a precision resistor. Resistor 151 can also be an on- 
chip resistor. 

[0028] Transistor 102 is an on-chip transistor. The ON resistance (Rds) of on-chip 
10 transistor 151 varies with the temperature of the integrated circuit, the process techniques 
used to fabricate the integrated circuit, and variations in the supply voltage Vcc and voltage 
source V D . 

[0029] Reference resistor 151 and transistor 102 form a voltage divider that has a voltage 
output signal V x . V x is proportional to the resistance ratio of resistor 151 and the R D s of 
15 transistor 102 according to the following equation: 

^DS ^101 

[0030] The voltage output signal V x is indicative of the resistance (Rds) of transistor 102 
and the resistance R151 of resistor 151. Voltage output signal V x varies as the resistance of 
transistor 102 changes with variations in chip process, temperature, and voltage. Voltage 
20 output signal V x is provided to an input of analog-to-digital converter 103. 

[0031] A detailed schematic of an embodiment of analog- to-digital (A-to-D) converter 103 
is shown in FIG. 3. Circuit 103 shown in FIG. 3 is merely an example of an A-to-D 
converter that can be used with the present invention. Other suitable A-to-D converters that 
are well known in the art may be used instead. 

25 [0032] A-to-D converter 103 comprises 31 comparators 122i-122 3 i and 32 resistors 123i- 
12332- Only 7 comparators 122 and 9 resistors 123 are shown in Figure 3 to simply the 
drawing. Voltage signal V x is coupled to the non-inverting input terminals of each of 
comparators 122. Resistors 123i_ 3 i are coupled in series between supply voltage V C c and 
ground. The inverting input terminals of each of comparators 122 are coupled between two 

30 of resistors 123 as shown in FIG. 3. The 31 comparators 122i_ 3 i generate 31 voltage output 
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signals V X i-V X 3i 5 respectively. The output terminals of comparators 122 are coupled to a bus 
line 125 that includes 31 signal lines for voltage output signals Vxi-Vx3i- 

[0033] Resistors 123 comprise a resistor divider that provides a threshold voltage at the 
inverting inputs of each of comparators 122. When voltage signal Vx is greater than the 
5 threshold voltage of one of comparators 122, the output signal of that comparator is pulled up 
to Vcc (i.e., a logic HIGH). When voltage signal Vx is less than the threshold voltage of one 
of comparators 122, the output signal of that comparator is pulled to ground (i.e., a logic 
LOW). Thus, the output signals Vxi-V X 3i of comparators 122 comprise 31 HIGH or LOW 
logic signals. 

10 [0034] The resistance of resistors 123i through 12332 may be selected be any suitable 

values. As an example, the resistance of resistors 123i through 123 32 can have the following 
ratios to an arbitrary resistance R: 0.59, 0.52, 0.47, 0.42, 0.38, 0.35, 0.32, 0.29, 0.27, 0.25, 
0.23, 0.21, 0.20, 0.18, 0.17, 0.16, 0.15, 0.14, 0.13, 0.13, 0.12, 0.11, 0.11, 0.10, 0.10, 0.09, 
0.09, 0.08, 0.08, 0.08, 0.07, and 3.40, for resistors 123i through 123 32 , respectively. The total 

15 resistance in resistor ladder 123 is 10R in this example. These resistor ratios are merely one 
example. Other resistor ratios may also be selected to implement the present invention. 
[0035] The ratios of resistors 123 and voltage signal V x determine which of output signals 
V X i-Vx3i are HIGH and which of output signals V X i-V X 3i are LOW. Voltage signal V x 
varies when changes in temperature, voltages, and process fabrication techniques cause 

20 changes in the R D s resistance of transistor 102 over time and from chip-to-chip. As voltage 
signal V x changes, the values of one voltages V X i-V X 3i changes when V x moves above or 
below the threshold voltage provided by resistors 123 to the corresponding comparator 122. 

[0036] The example resistor ratios shown in FIG. 3 may be used as an illustration, as is 
now discussed. The resistance of all of resistors 123 adds up 10R. Thus, if V x is greater than 
25 (0.59/10)V cc but less than (0.59 + 0.52)V CC /10, then output signal V X i is HIGH, and output 
signals Vx2-V x3 i are LOW. If V x rises above (0.59 + 0.52 + 0.47)V CC /10, but is less than 
(0.59 + 0.52 + 0.47 + 0.42)V CC /10, then output signals V X i-V X 3 are HIGH, and output signals 
Vx4-V x3 i are LOW. 

[0037] Signals V X i-V X 3i are transmitted along bus line 125 to digital encoder 104. Digital 
30 encoder 104 converts the fifteen signals V X i-V X 3i on bus line 125 to a five voltage signals 
V B 4, V B 3, V B 2, V B i, Vbo- The five voltage signals V B 4, V B 3, V B 2> V B i, V B o are transmitted on 
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five wires that are part of bus 161 . Voltages V B4 , V B3 , V B2 , V B i, and V B0 represent a five bit 
binary code referred to as bits BIT4, BIT3, BIT2, BIT1, and BITO. 

[0038] An embodiment of digital encoder 104 is shown in FIG. 4. Digital encoder 104 is 
merely an example of a digital encoder that can be utilized in the present invention. Other 
5 digital encoders that convert a plurality of signals to a digital binary code, which are well 
known in the art, can be used instead. 

[0039] Digital encoder 104 includes a plurality logic gates including inverters, NOR gates, 
and NAND gates, which determine the value of the binary code on bus 161 . The five bit 
binary code on bus 161 has 32 different states. 31 of the 32 possible states are indicative of 
10 unique values for signals V X i-V x3 i. The binary code 0000 is not used, because it would 
cause all of transistors 106-1 10 in circuit 150 to be OFF. 

[0040] As an example, if V X i-V X 3 are HIGH, and V X4 -V x3 i are LOW, then the voltages 
[V B4 , V B3 , V B2 , V B i, V bo ] on bus 161 have a binary value of 0001 1 for BIT4, BIT3, BIT2, 
BIT1, BITO, respectively. When V x3 is HIGH and V x4 is LOW, the output signal of NAND 
1 5 gate 410 is LOW, causing voltages V B0 and V m to be HIGH. Voltages V B2 -V B4 are LOW. 

[0041] As another example, if V X i-V X5 are HIGH, and V x6 -V x3 i are LOW, then the four bit 
code [V B4 , V b3 , V B2 , V B i, V b0 ] on signal line 161 is 00101. When V X5 is HIGH and V X6 is 
LOW, the output signal of NAND gate 41 1 is LOW, causing voltages V B o and V B2 to be 
HIGH. Voltages V B1 , V B3 , and V B4 are LOW. 

20 [0042] On-chip impedance matching circuit 150 includes five n-channel field-effect 

transistors (FETs) 106, 107, 108, 109, and 110 coupled in parallel. The drain terminals of 
transistors 106-1 10 are coupled to one I/O pin of the integrated circuit, and the source 
terminals of transistors 106-110 are coupled to ground. 

[0043] The gate of transistor 106 is coupled to receive voltage V B4 on bus 161 . The gate of 
25 transistor 107 is coupled to receive signal V B3 on bus 161. The gate of transistor 108 is 
coupled to receive signal V B2 on bus 161. The gate of transistor 109 is coupled to receive 
signal V B! on bus 161 . The gate of transistor 1 10 is coupled to receive signal V B0 on bus 161 . 

[0044] An integrated circuit of the present invention preferably comprises a plurality of 
impedance matching circuits 150. Each of the impedance matching circuits 150 are 
30 associated with one of the input/output (I/O) pins on the integrated circuit. An integrated 

circuit can contain as many (or more) impedance matching circuits 150 as there are I/O pins 
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on the chip. Each of the impedance circuits 150 is associated with one of the I/O pins on the 
integrated circuit. Only one impedance matching circuit 150 is shown in FIG. 2 to avoid 
over-complicating the drawing. Bus line 161 can drive multiple the impedance matching 
circuits on the same integrated circuit. 

5 [0045] FIGS. 1A-1C illustrate examples of configurations for impedance matching circuit 
150. Impedance matching circuit 150 can be coupled to an I/O pin or to an I/O buffer as 
shown in FIGS. 1 A-1C with respect to the configuration of impedance matching circuits 21, 
22, 41, 42, 61, 62, and 63. Transistors 106-1 10 can be coupled in parallel between an I/O pin 
and ground, as shown with respect to circuit 22 in FIG. 1 A, or between Vcc and an I/O pin, 
10 as shown with respect to circuits 21 and 63. Alternatively, transistors 106-1 10 can be 

coupled between ground or Vcc and a buffer circuit that is coupled to an I/O pin, as shown 
with respect to circuits 41, 42, 61, and 62 in FIGS. 1B-1C. 

[0046] Field-effect transistors 106-1 10 have channel width-to-length (W/L) aspect ratios 
that are sized in proportion to the channel width-to-length (W/L) aspect ratio of field-effect 

15 transistor 102. For example, in the embodiment shown in FIG. 2, transistor 106 has a W/L 
ratio that is equal to the W/L ratio of transistor 102. Transistor 107 has a W/L ratio that is 
one-half the W/L ratio of transistor 102. Transistor 108 has a W/L ratio that is one-quarter 
the W/L ratio of transistor 102. Transistor 109 has a W/L ratio that is one-eighth the W/L 
ratio of transistor 102. Transistor 110 has a W/L ratio that is one-sixteenth the W/L ratio of 

20 transistor 102. 

[0047] The signals V B 4, V B3 , V B2 , V B i, and V B o determine whether transistors 106-1 10, 
respectively, are ON or OFF. A logic HIGH at the gate of one of n-channel transistors 106- 
110 causes that transistor to be ON, and a logic LOW at the gate of one of transistors 106-1 10 
causes that transistor to be OFF. The effective W/L ratio of impedance matching circuit 150 
25 is determined by the transistors 106-1 10 that are ON. Therefore, the binary code represented 
by signals [V B4 , V B3 , V B2 , V B i, V B o] determines the effective W/L ratio impedance matching 
circuit 150. 

[0048] For example, if signals [V B4 , V B3 , V B2 , V B i, V B0 ] represent binary code 10010, then 
transistors 106 and 109 are ON, and transistors 107-108 and 1 10 are OFF. In this case, the 
30 effective W/L ratio of impedance circuit 150 is V/s times the W/L ratio of transistor 102. If 
signals [V B4 , V B3 , V B2 , V m , V B0 ] represent binary code 01 1 10, then transistors 107-109 are 
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ON, and transistors 106 and 1 10 are OFF. In this case, the effective W/L ratio of impedance 
circuit 150 is V% + V* + 'A = 7s times the W/L ratio of transistor 102. 

[0049] The effective W/L ratio of impedance circuit 150 determines the impedance of 
impedance matching circuit 150. As the effective W/L ratio of transistors 106-1 10 increases, 
5 the impedance of circuit 150 decreases. As the effective W/L ratio of transistors 106-110 
decreases, the impedance of circuit 150 increases. 

[0050] The output signals [V B4 , V B3 , V B2 , V B i, V B0 ] of digital encoder 104 vary in response 
to changes in the Rds ON resistance of transistor 102. The R D s resistance of transistor 102 is 
sensitive to changes in the temperature of the integrated circuit, supply voltage changes, and 
10 process variations. Thus, as the resistance Rds of transistor 102 changes, the voltages V X i- 
V X 3i and voltages [V B4 , V B3 , V B2 , V B i, V B o] may also change. 

[0051] The Rds resistance of transistors 106-1 10 changes in response to changes in 
voltages [V B4 , V B3 , V B2 , V B i, V B0 ]. The resistance ratios of resistors 123 are selected so that 
the effective W/L ratio of circuit 150 compensates for changes in the R D s of transistors 106- 
15 110 caused by process, temperature, and voltage variations. As the R DS ON resistance of 
transistor 102 varies with process, temperature, and/or voltage, the effective W/L ratio of 
impedance matching circuit 150 may also change according to the bit sequence of binary 
voltages [V B4 , V B3 , V B2 , V B i, V B0 ] in order to minimize changes in the impedance of circuit 
150. 

20 [0052] For example, if the temperature of the integrated circuit increases and the R D s ON 
resistance of transistor 102 increases with temperature, voltage signal V x increases. Signal 
V x may eventually increase enough to cause more of output signals V X i-V X 3i go HIGH. The 
bit sequence of binary signals [V B4 , V B3 , V B2 , V B i, V B0 ] also changes causing different ones 
of transistors 106-1 10 to be ON or OFF so that the effective W/L ratio of impedance circuit 

25 150 increases. 

[0053] For example, if the bit sequence of binary voltages [V B4 , V B3 , V B2 , V B i, V B0 ] is 
10000, transistor 106 is ON and transistors 107-1 10 are OFF. The impedance of circuit 150 
is determined by an effective W/L ratio of 1 times the W/L ratio of transistor 102. If the ON 
resistance of transistor 102 increases sufficiently such that the bit sequence of binary voltages 
30 [Vb4, V B3 , V b2 , V B i, V bo ] changes to 1001 1, transistors 106, 109, and 110 are ON and 

transistors 107-108 are OFF. The effective impedance of circuit 150 is now determined by an 
effective W/L ratio of 1 + 1/8 + 1/16 = 19/16 times the W/L ratio of transistor 102. 
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[0054] Therefore, the effective channel W/L ratio of impedance circuit 150 is proportional 
to the R D s ON resistance of transistor 102. This relationship is designed to compensate for 
variations in the R D s resistance of transistors 106-1 10 to minimize changes in the matching 
impedance provided by circuit 150. For example, process, temperature, and/or voltage 
5 variations that cause the Rds resistance of transistor 102 to increase, also cause the Rds 
resistance of transistors 106-1 10 to increase. In response to a sufficient increase in the 
resistance of transistor 102, A-to-D converter 103 and encoder 104 causes the effective 
channel W/L ratio of impedance matching circuit 150 to increase in order to maintain the 
impedance of circuit 150 substantially constant. 

1 0 [0055] When temperature, process, and/or voltage variations cause the R DS resistance of 
transistor 102 to decrease, the R D s resistance of transistors 106-1 10 also decreases. In 
response to a sufficient decrease in the resistance of transistor 102, A-to-D converter 103 and 
encoder 104 cause the effective channel W/L ratio of circuit 150 to decrease in order to 
maintain the effective impedance of circuit 150 substantially constant. 

1 5 [0056] Thus, the impedance of impedance matching circuit 1 50 at each I/O pin is 
substantially less sensitive to variations in temperature, voltages, and processes. This 
advantage is achieved without having to connect external off-chip impedance matching 
resistors at each of the I/O pins on the integrated circuit. Only a single off-chip resistor 151 
(or alternatively, a small number of off-chip resistors) is connected to the integrated circuit to 

20 achieve impedance matching for multiple I/O pins that is less sensitive to process, 

temperature, and voltage variations. The techniques of the present invention therefore 
provide impedance matching while using substantially less board space than prior art 
techniques that require connecting an off-chip resistor to each I/O pin. 

[0057] In a further embodiment of the present invention, an impedance matching circuit 
25 may include more or less than the five transistors 106-1 10 shown in FIG. 2. For example, an 
impedance matching circuit may include six transistors coupled in parallel that have channel 
W/L ratios that are 1, !4, l A, Vs, 1/16, and 1/32 times the channel W/L ratio of transistor 102, 
respectively. As another example, an impedance matching circuit may include four 
transistors coupled in parallel that have channel W/L ratios that are 1 , i4, l A 9 and V% times the 
30 channel W/L ratio of transistor 102. In another embodiment, the W/L ratios of transistors 
106-1 10 are 2, 1, J4, Ya, and X A times the channel W/L ratio of transistor 102, respectively. 
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[0058] In another embodiment of the present invention, a switch circuit is provided 
between the fifth binary signal that drives the gate of transistor 110. The switch circuit 
enables or disables transistor 1 10 for certain I/O pins in response to user input, at specified 
times, or under certain operating conditions. 

5 [0059] Adding a fifth transistor 110 that has 1/16 times the W/L ratio of transistor 102 
provides added impedance matching resolution. Having a transistor 106 that has 2 times the 
W/L ratio of transistor 102 provides a wider range of impedance matching (i.e., between X A 
and 3 7 /s W/L ratio). As another example, an impedance matching circuit may contain only 
three transistors coupled in parallel with W/L ratios such as 1, %, and l A, or 1, 54, and l A times 
1 0 the W/L ratio of transistor 1 02 . 

[0060] In a further embodiment, the I/O pins on an integrated circuit may be coupled to 
impedance matching circuits that have different numbers of transistors. For example, one I/O 
pin may have an impedance matching circuit that has five transistors coupled in parallel, 
while the other I/O pins on the integrated circuit each have an impedance matching circuit 
1 5 with only four transistors coupled in parallel. In still further embodiments, field-effect 
transistors 102, and 106-1 10 can be substituted with bipolar junction transistors. In still a 
further embodiment, the digital encoder may be eliminated so that an analog-to-digital 
converter provides output signals directly to the impedance matching circuits. 

[0061] Figure 5 illustrates an embodiment of the present invention that includes bit shifter 
20 circuits 501, 502, and 503. In the embodiment of Figure 5, each of bit shifter circuit 501-503 
are coupled in parallel between encoder 104 and one of on-chip termination impedance 
circuits 150A-150C. Each of termination impedance circuits 150A-150C contains five on- 
chip transistors 106-1 10 as shown in Figure 2. 

[0062] An adjustable on-chip impedance termination circuit with five transistors is merely 
25 one embodiment of the present invention. Five transistors are shown and discussed herein as 
one example and are not intended to limit the scope of the present invention. Any suitable 
number of transistors coupled in parallel can be used in each of the termination impedance 
circuits 150A-150C (e.g., 3, 4, 6, etc.). 

[0063] Bit shifter circuits 501-503 receive the five output voltages [V B4 , V B3 , V B2 , V B1 , 
30 V B0 ] from digital encoder circuit 104. Voltages V B4 , V B3 , V B2 , V m , and V B0 are referred to as 
BIT4, BIT3, BIT2, BIT1, and BIT0, respectively, in Figure 6. Circuits 501-503 can shift bits 
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BIT0-BIT4 to the right or to the left in response to the state of RAM bits stored in RAM cells 
511-513, respectively. 

[0064] By shifting bits BIT0-BIT4 to the right or to the left, circuits 501-503 change the 
termination impedance at I/O pins 521-523, respectively. For example, digital encoder 
5 circuit 104 can generate 01 101 for bits BIT4-BIT0, respectively. With a bit pattern of 01 101, 
transistors 107-108 and 1 10 are ON, and transistors 106 and 109 are OFF in circuit 150. The 
total transistor W/L ratio of the termination circuit is Vix + l Ax + 1/1 6(x) = 13/16. 

[0065] Bit shifters 501-503 can shift the bit pattern 01101 to the left by 1-bit to change the 
bit pattern to 1 1010. By left shifting, the least significant bit becomes 0. With a bit pattern of 
10 11010 for BIT4-BIT0, transistors 106-107 and 109 are ON, and transistors 108 and 110 are 
OFF in circuit 150. The total transistor W/L ratio is now lx + l / 2 x + l Ax =13/8. Thus, left 
shifting the bit pattern by 1-bit causes the total W/L ratio of circuit 1 50 to increase by 2 (or 
about 2 in other examples), and the total output impedance of circuit 150 to decrease by one- 
half (or about 1/2), provided that the most significant bit is 0. 

15 [0066] Bit shifters 501-503 can also shift the bit pattern 01101 to the right by 1-bit to 

change the bit pattern to 001 10. By right shifting, the most significant bit becomes 0. With a 
bit pattern of 00110 for BIT4-BIT0, transistors 108 and 109 are ON, and transistors 106-107 
and 1 10 are OFF in circuit 150. The total transistor W/L ratio is now x Ax + l/8(x) = 3/8. 
Thus, right shifting the bit pattern by 1-bit causes the total W/L ratio of circuit 150 to 

20 decrease by about 1/2, and the total output impedance of circuit 150 to increase by about 2. 

[0067] Figure 6 illustrates an example of circuitry 600 that can be used to implement each 
of bit shifters 501-503. Circuit 600 includes multiplexers 601-605. In general circuit 600 has 
the same number of multiplexers as there are bits generated by encoder 104. Thus, if encoder 
104 generates a four bit signal, then circuit 600 has four multiplexers. 

25 [0068] Each of multiplexers 601-605 receives two or three adjacent bits from bit signals 
BIT4-BIT0. Specifically, multiplexer 601 receives BIT4 and BIT3 at two of its input 
terminals. The third input terminal of multiplexer 601 is coupled to ground. Multiplexer 602 
receives BIT4, BIT3, and BIT2 at its three input terminals. Multiplexer 603 receives BIT3, 
BIT2, and BIT1 at its three input terminals. Multiplexer 604 receives BIT2, BIT1, and BIT0 

30 at its three input terminals. Multiplexer 605 receives BIT1 and BIT0 at two of its input 
terminals and ground at its third input terminals. 



[0069] Multiplexers 601-605 each receive RAM bits RAMO and RAMI at its select inputs 
SELO and SEL1, respectively. Each of multiplexers 601-605 couples one of the bit signals at 
its input terminals (or ground) to output terminal OUT in response to the states of RAM bits 
RAMO and RAMI. 

5 [0070] Figure 7 illustrates a block diagram of a multiplexer. The multiplexer of Figure 7 is 
an example of each multiplexer 601-605. The Figure 7 multiplexer includes inverters 705- 
707, NOR gates 703-704, and inverters 711-713. The multiplexer also includes transmission 
gates 721-723. The multiplexer couples one of its input terminals UNTO, INI or IN2 to output 
terminal OUT in response to RAM bits RAMO and RAMI at select inputs SELO and SEL1, 
10 respectively. 

[0071] When RAMO is 0 (LOW) and RAMI is 0 (LOW), transmission gate 722 couples 
INI to OUT, and transmission gates 721 and 723 decouple IN0 and IN2 from OUT in 
multiplexers 601-605. Because multiplexers 601-605 each receive RAMO and RAMI, bits 
BIT4-BIT0 are transmitted directly to OUT4-OUT0. No bit shifting takes place, and all of 
15 bits BIT4-BIT0 are transmitted to termination transistors 106-1 10. In one embodiment, the 
termination impedance of circuit 150 equals (or approximately equals) the resistance of off- 
chip resistor 151, when no bit shifting takes place. 

[0072] When RAMO is 0 and RAMI is 1, transmission gate 721 couples IN0 to OUT, and 
transmission gates 722-723 decouple INI and IN2 from OUT in multiplexers 601-605. 
20 Multiplexer 602 transmits BIT4 to OUT3, multiplexer 603 transmits BIT3 to OUT2, 

multiplexer 604 transmits BIT2 to OUT1, and multiplexer 605 transmits BIT1 to OUT0. 
Also, multiplexer 601 couples OUT4 to ground through its IN0 terminal. Thus, when RAMO 
= 0 and RAMI = 1, bits BIT4-BIT0 are right shifted by one bit, and the impedance of circuit 
150 increases. 

25 [0073] When RAMO is 1 (regardless of the state of RAMI), transmission gate 723 couples 
terminal IN2 to OUT, and transmission gates 721-722 decouple IN0 and INI from OUT in 
multiplexers 601-605. Multiplexer 601 transmits BIT3 to OUT4, multiplexer 602 transmits 
BIT2 to OUT3, multiplexer 603 transmits BIT1 to OUT2, and multiplexer 604 transmits 
BIT0 to OUT1. Multiplexer 605 couples OUT0 to ground. Thus, when RAMO = 1, bits 

30 BIT4-BIT0 are left shifted by one bit, and the impedance of circuit 150 decreases. 

[0074] By allowing the digital output signals of the digital encoder circuit to be right 
shifted or left shifted, a user can match the impedance of any termination impedance circuit 
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150 on an integrated circuit (IC) to the characteristic impedance of a corresponding 
transmission line. The impedance of each on-chip termination circuit 150 can be different 
than the impedance of other on-chip termination circuits 150 on the IC. 

[0075] The impedance of each circuit 150 can be set independently based on the values 
5 stored in memory cells such as 51 1-513. Therefore, the present invention provides on-chip 
impedance termination that can be set to match different characteristic impedance values of 
transmission lines coupled to pins on an IC. 

[0076] Referring again to Figure 5, bit shifter circuits 501-503 are coupled to termination 
impedance circuits 150A-150C, respectively. Circuits 150A-150C each have five parallel 
10 termination transistors 106-1 10, which are shown in Figure 2. Circuit 150A provides 

termination impedance to I/O pin 521. Circuit 150B provides termination impedance to I/O 
pin 522. Circuit 150C provides termination impedance to I/O pin 523. 

[0077] Bit shifter 501 receives RAM bits RAM0 and RAMI from memory 511. Bit shifter 
502 receives RAM bits RAM0 and RAMI from memory 512. Bit shifter 503 receives RAM 
1 5 bits RAM0 and RAMI from memory 513. 

[0078] Memories 511-513 can be loaded with different values for bits RAM0 and RAMI in 
order to program circuits 150A-150C with different impedance values. For example, a user 
can program memory 5 1 1 so that RAM0 = 1 . With RAM0 at 1 , bit shifter circuit 501 left 
shifts bits BIT4-BIT0 by one bit to decrease the impedance of circuit 150A to 25 ohms as 
20 shown in Figure 5. The impedance of external resistor 151 in this example is 50 ohms. 

[0079] As another example, a user can program memory 5 12 so that RAM0 = 0 and RAMI 
= 0. In response, bit shifter 502 does not right shift or left shift bits BIT4-BIT0. Therefore, 
the impedance of circuit 150B is 50 ohms as shown in Figure 5 (the same as resistor 151). 

[0080] As still another example, a user can program memory 5 1 3 so that RAM0 = 0 and 
25 RAMI = 1 . In response, bit shifter 503 right shifts bits BIT4-BIT0 by one bit to increase the 
impedance of circuit 150C to 100 ohms as shown in Figure 5. 

[0081] These three examples show that the techniques of the present invention can provide 
different termination impedance values to different I/O pins on the same integrated circuit by 
bit shifting the output bits of digital encoder 104. Each termination impedance circuit 150A- 
30 150C can provide termination impedance to two or more I/O pins. 



14 



[0082] In Figure 5, different impedance values are provides to three different pins. The 
techniques of the present invention can also be used to provide 2, 4, 5, 6, or more different 
termination impedance values to any number of I/O pins on an integrated circuit. Each 
termination impedance circuit 150 provides one termination impedance value at a time. The 
5 termination impedance value provided to any one pin can be changed by bit-shifting the 
output bits of the digital encoder. 

[0083] According to further embodiments, a bit shifter circuit of the present invention can 
shift bits BIT4-BIT0 to the left or to the right by two or more bits to increase/decrease the on- 
chip termination impedance by a larger amount. In an embodiment that can shift left or right 
10 by two bits, each multiplexer in the bit shifter circuit has five input terminals, four of which 
are coupled to adjacent bit signals or ground. A 2-bit shifter allows a user to match 0.25R. 
0.5R, R, 2R, and 4R, where R is the matching resistance when the bit shifter does not shift 
any of the bits. 

[0084] According to still further embodiments of the present invention, encoder circuit 104 
15 generates a bit signal that has less than or greater than 5 bits. The number of parallel 

termination impedance transistors equals the number of bit signals generated by the encoder 
circuit, because the gate of each termination transistor is coupled to one of the bit signals. 
Also, the number of parallel multiplexers in the bit shifter circuit equals the number of bit 
signals generated by the digital encoder. 

20 [0085] The impedance termination techniques of the present invention can be used with 

application specific integrated circuits (ASICs) and programmable integrated circuits such as 
FPGAs and PLDs. Figure 8 is a simplified partial block diagram of an exemplary high- 
density PLD 800 that can implement the techniques of the present invention. PLD 800 
includes a two-dimensional array of programmable logic array blocks (or LABs) 802 that are 

25 interconnected by a network of column and row interconnects of varying length and speed. 
LABs 802 include multiple (e.g., 10) logic elements (or LEs), an LE being a small unit of 
logic that provides for efficient implementation of user defined logic functions. 

[0086] PLD 800 also includes a distributed memory structure including RAM blocks of 
varying sizes provided throughout the array. The RAM blocks include, for example, 5 12 bit 
30 blocks 804, 4K blocks 806 and a MegaBlock 808 providing 512K bits of RAM. These 

memory blocks can also include shift registers and FIFO buffers. PLD 800 further includes 
digital signal processing (DSP) blocks 810 that can implement, for example, multipliers with 
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add or subtract features. I/O elements (IOEs) 812 located, in this example, around the 
periphery of the device support numerous single-ended and differential I/O standards. It is to 
be understood that PLD 800 is described herein for illustrative purposes only and that the 
present invention can be implemented in many different types of PLDs, FPGAs, and the like. 

5 [0087] While PLDs of the type shown in Figure 8 provide many of the resources required 
to implement system level solutions, the present invention can also benefit systems wherein a 
PLD is one of several components. Figure 9 shows a block diagram of an exemplary digital 
system 900, within which the present invention can be embodied. System 900 can be a 
programmed digital computer system, digital signal processing system, specialized digital 
10 switching network, or other processing system. Moreover, such systems can be designed for 
a wide variety of applications such as telecommunications systems, automotive systems, 
control systems, consumer electronics, personal computers, Internet communications and 
networking, and others. Further, system 900 can be provided on a single board, on multiple 
boards, or within multiple enclosures. 

1 5 [0088] System 900 includes a processing unit 902, a memory unit 904 and an I/O unit 906 
interconnected together by one or more buses. According to this exemplary embodiment, a 
programmable logic device (PLD) 908 is embedded in processing unit 902. PLD 908 can 
serve many different purposes within the system in Figure 4. PLD 908 can, for example, be a 
logical building block of processing unit 902, supporting its internal and external operations. 

20 PLD 908 is programmed to implement the logical functions necessary to carry on its 
particular role in system operation. PLD 908 can be specially coupled to memory 904 
through connection 910 and to I/O unit 906 through connection 912. 

[0089] Processing unit 902 can direct data to an appropriate system component for 
processing or storage, execute a program stored in memory 904 or receive and transmit data 
25 via I/O unit 906, or other similar function. Processing unit 902 can be a central processing 
unit (CPU), microprocessor, floating point coprocessor, graphics coprocessor, hardware 
controller, microcontroller, programmable logic device programmed for use as a controller, 
network controller, and the like. Furthermore, in many embodiments, there is often no need 
for a CPU. 

30 [0090] For example, instead of a CPU, one or more PLDs 908 can control the logical 
operations of the system. In an embodiment, PLD 908 acts as a reconfigurable processor, 
which can be reprogrammed as needed to handle a particular computing task. Alternately, 
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programmable logic device 908 can itself include an embedded microprocessor. Memory 
unit 904 can be a random access memory (RAM), read only memory (ROM), fixed or 
flexible disk media, PC Card flash disk memory, tape, or any other storage means, or any 
combination of these storage means. 

[0091] While the present invention has been described herein with reference to particular 
embodiments thereof, a latitude of modification, various changes, and substitutions are 
intended in the present invention. In some instances, features of the invention can be 
employed without a corresponding use of other features, without departing from the scope of 
the invention as set forth. Therefore, many modifications may be made to adapt a particular 
configuration or method disclosed, without departing from the essential scope and spirit of 
the present invention. It is intended that the invention not be limited to the particular 
embodiments disclosed, but that the invention will include all embodiments and equivalents 
falling within the scope of the claims. 
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